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Foreword

TheProtocol for Uniformly Measuring and Expressing the Performance of Energy Storage Systems
(PNNL-22010) was first issued in November 2012 as a first step toward providing a foundational basis
for developing an initial standard for the uniform measurement and expression of energy storage system
(ESS) performance. Based on experiences with thiicafion and use of that document, and to include
additional ESS applications and associated duty cycles, test procedures and performance metrics, a first
revision of the November 20R2otocol was issued in June 2014 (PNR2010 Rev. 1). As an update of

the 2014 revision 1 to the Protocdligdocument (thé\pril 2016 revision 2 to the Protocad) intended

to supersedthe June 2014 revision 1 to the Protaaodiprovide a more usdriendly yet more robust

and comprehensive basis for measugngdexpressinge SSperformanceThis foreword provides

general and specific details about what additions, revisions, and enhancements have been made to the
June 2014rotocol and the rationale for themarriving at thisApril 2016 Protocol (PNN{22010 Rev.

2/ SAND20163078 R.

Dynamic Updating Process

Becaug energy storage technology developmentdeploymentaredynamic andas a resulthe
technologies and thepplicationsandmetricsneeding to beovered intest standardsontinue to evolve,

the provisionsn the Protocomust continue tevolve to more fully address the wide scope and purpose
statedn Sections 1 and 2 of the Protodébr instance, further enhancememis’e been made since the
initial publication of the Botocol in 2012, including the addition of one more storage application in the
June 2014 revision 1 to the Protocol, and five more applications iAghis2016 revision 2 to the
Protocol, along with refinements to the way some performance metricstanaided. ThiApril 2016
revision 2 to the Protocol also includes new system performance metrics and additional general
information and technical specifications associated with EB&sdynamic nature of storage technology
development and the growing dena for performance information by the many different entities
involved with energy storage deploymestgpors continual and ongoing work to enhance Enetocol.
Thecontinuingneed for uniformity and comparability tife reported performance informatidor all
storage technologies and the growing need for more types of perfornedatesl informatiorsuggests

that theProtocol will need tdbe revised and republished at reasonable inteirvétte future to best serve
the needs of all those who wantdocument ESS performance or who need such documentation to make
decisions about the application and use of ESSs

The development of the first edition of a brand new standard can take considerable time, especially when
those participating in developmenttohe st andard must Astart from scra
published, ®andards are generally updated and revisedtbrea to five-year cycleand, insomecases,

interim addenda coveringeededevisions or enhancementsaestandardare also issuedVhen first

published in 2012, it was a goal that the Protocol wputdide a foundational basis forand new

standardsovering the topic of ESS performance so that standards development organizations (SDOs) did
not have to fAst ar teenfealizedithreughrthe use &f thedBCcdl byd)tS. SD@sas b

! The information presented in this foreword is not part of the prottidgsimerely informative and does not contain
requirements necessary for conformance with or use of the protocol.
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well as internationally through International Electrotechnical Commission (IEC) Technical Committee
120 who, among others, are developing an IEC standard for measuring and expressing ESSigerforma
using the Protocol as a basis for the provisions in the standard. In addition to these formal standards
development efforts by SDOs, the Energy Storage Integration Council (ESIC), under the auspices of the
Electric Power Research Institute (EPRI),I®aleveloping information for utilities to use in fostering

their consideration and application of energy storage technology that in part covers ESS performance.
Such efforts outside those of SDOs provide an additional opportunity for deployment afttieFn

the short term until formal standards are approved and published by the sponsoring SDO.

As formalstandards areompletedand availablérom and updated by SDOs, ongoing Protocol
enhancement efforts will continue to provigeosmmendations andlevant documentatichat can
support updating of those standaidatil the standards are completed and publisheddtdsmentand
future versions oit providethe foundation and focal point forumiform, consistent, and comparable
basis fomeasuring and expressing system performane.intention is to continuousgnhance the
Protocolbased on a process open to all stakeholders on an equitable basis that provides them an
opportunity to participate and providgut, while alsobeing sensite to the need for continuitys
enhancements to the Protocol are developed over time. Hea&egtocolis expected the updatedt
least bienniallyor more frequently if warranted through needed subgroups focusing on specific issues that
again are opn to any and all stakeholders. The updating process will inaledeoff time &er which
additionalrevisions will be deferred to theextrevisioncycle Work on thedeferred revisions will
continwe, butpublication of arupdatedProtocolwill occurno more frequently thaannualy.

Protocol Enhancement Overview

The enhancements contained in this document are basedwnber otoncurrent activitiethat were
undertaken predominantly during 20Te set of activities, hosted Bacific Northwest Nabnal
Laboratoryand Sandia National Laboratories, involved the addition of criteria to cover five new
applications for ESSs. Those new applicationgparmovoltaic(PV) smoothing, volt/var support,
renewables (solar) firming, power quality, and frequezanytrol. An overview of the revisions to the
Protocol associated with each of these five new applications is provided below, but in, glemeral
revisions involved the development of a duty cycle for each new application and guidance on how to
determine hte values of the relevant metrics for each application. Beyond the addition to the Protocol of
criteria to cover new applications and metrics, minor adjustments were made to the Protocol based on
experiences from its application and use along with a gignif change to simplify the organization of

the document to make it more user friendly.

In response to needs of the utility sector as presented on their behalf through the EPRI ESIC, a number of
enhancements were made to the Protocol. One focuses oltiséan of general information and

technical specifications associated with ESSs that utilities and other ESS users need above and beyond the
performance metrics and test procedures covered in the Protocol. Other revisions were focused on
technical clariications and enhancements. For instance, capacity typically denotes power in the context of
the grid. Hencegnergy capacitywhich has been used in prior editions of the protocol) has been replaced

by energyin this edition of the Protocol to avoid confusion. While consideration was given to a
recommendation to now use state of energy to describe the ESS state, state of charge (SOC) has been
retained because SOC associated with batteries is what the battexgament system relies on in

controlling the ESS. Since the Protocol also applies to other types of storage (e.g., other than batteries)
SOC is also appropriate to capture their state. The EPRI ESIC also suggested that 100% SOC should be

April 2016 Pageiv



the maximum SOCral 0% SOC should be the minimum SOC when conducting certain tests. However,

to require the ESS to be charged to 100% SOC and discharged to 0% SOC is overly prescriptive and
could compromise an ESS where the manufacturer may not want their ESS to bgelisth8fo SOC.
Instances involving terms that were defined but not used in the document were identified and those terms
deleted from the definitions. Definitions of some of the new applications for an ESS were also enhanced
based on input from the EPRI ESin addition to including an equation for considering auxiliary power
when auxiliary loads are powered by separate power sources. One comment suggested that an ESS can be
used for power quality only in an islanded mode. It is not clear that is the ndghggrovisions

covering this new application were not changed from the final draft developed by the subgroup that
developed the powegualityi related provisions in the Protocol. In addition, thmihute, I 5 minute

and 10minute peak power tests fdii$ application were identified as not necessary. Since the overload
capability of the power conversion system depends on duration, it was decided these tests would be
retained as drafted by the subgroup. A comment about the rigor of data sampling frevaeatso

provided. Based on the application and use of the Protocol for frequency regulation, which has been
covered in the document since late 2012, data every second appears to be necessary for frequency
regulation and other applications where the ESSibjected to signals frequently. For peak shaving or
energy arbitrage, data every 10 seconds was considered sufficient. On this issue, those developing the
document feel the data acquisition frequency should be at least double the rate of the sigsainbéd

the ESS.

As noted above, the intent of this document is to provide a foundation for formal standards developed by
SDOs. The process for development and updating of this document is dynamic and intended to provide all
stakeholders the opportupito provide input through subgroups that are established to focus on additions
and enhancements to the document (e.g., new applications, hew metrics, and adjustments based on use of
the document).

New Organization of Content

The organization of the Noverar 2012Protocol and its June 2014 revision was somewhat complicated

in that it contained more sections than necessary in outlining the steps associated with &sigabie

It also repeated a considerable amount of content for each ESS applicatiooutd have been presented
once. This organization, while somewhat cumbersome, did make it easier to choose an application and
then follow through th@rotocol for all the relevant provisions for that application. In essence, the

Protocol containedasapr at e Atracko for each of the initial 1t
added in June 2014, even though the content in each track was in many cases identical. In revising the
Protocol to include five more applications and address additionaksiatbecame clear that continuing

this organization would increase the complexity of using the Protocol (i.e., now eight separate tracks) and
make it less desirable to apply or to use as a basis for more formal standardgriTi2816 revision 2

to the Protocol has eliminated the sepattadek approach and replaced it with three core sections that can
be more easily applied to aB5Sand the eight applications now covered inBh&ocol. In addition,

this organization will facilitate the seamlesslusion of additional applications and metrics over time

while not compromising the ease of use of the document.

Section 4 of the Protocol provides an overview of the Protocol and how it is to be applied to any ESS.
Section 5 provides the detail associated with the relevant performance metrics, test procedures to measure
performance data associated with the metrics, as well as the duty cycle that is relevant to each application
and is used to guide testing associatétl duty-cycle relevant metrics. Section 6 simply provides the
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guidance for uniformly reporting the value of each metric based on the requirements in Section 5,
covering testing, data gathering, and use of the data in calculating the relevant metwiasedsaih the

ESS. This makes it much easier to address those items that are not dependent on duty cycle one time for
all ESSs regardless of application. Beyond that, the testing, measurement, and calculation of the metrics
that are related to duty cycdd unique to each application and their reporting is also only presented

once, noting that they would have to be repeated for each of the applications for which the ESS was
intended based on subjecting the ESS to a duty cycle that is unique to ea&chighttapplications

covered in thérotocol.

New Applications

As notedin the overview, five new ESS applications have been added to the three applications (peak
shaving, frequency regulation and islanded microgrids) covered in the June 2014 retodioa 1

Protocol. These are listed in Table 4.3 of the Protocol, which now covers eight applications. Each of these
five new applications is then addressed in the same manner as the prior three applications; that is, they are
listed along with the metrichat are applicable to each application, provisions have been added to

provide a duty cycle for each new application, and the measurements to make when applying the duty
cycle, determination of applicable performance metrics from these measurements datdilthe

associated with reporting those metrics are outlined. Specific detail on each of these new applications is
provided in the following descriptions.

PV Smoothing

PV smoothingis the use of an ESS to mitigatpid fluctuationsn variable PV poweoutput The

purpose of PV smoothing ie tnitigate frequency variation and stability issues that can arise at both
feeder and transmission les@h high penetration P¥cenariogo help meet ramp rate requiremems

the feeder level, PV smoothingifaplementedd mitigate voltage flicker and voltaggairsions outside
desired bands. At the transmission le¥®/, variability can require additional operating reserve to be set
aside and can cause traditional generation to cycle more than oth@iwdseethod by which the ESS

can provide smoothing of PV output powetdsabsorb or supply power at appropriate times as
determined by a control system resulting in a less variable composite power siga&ater and/or
transmission level

Permission wagiven by the Public Service Company of New Mexico (PNM) to the PV smoothing
subgroup of the Protocol Working Group to use PV power output (expressed in kW) and battery power
output (expressed in kW) from the PNM Prosperity Project for construction Biisenoothing duty

cycle [see Roberson et 2014 for a descrigbn and analysis of the projecilhe data featured one

second time resolution and is archived going back to 2011.

The duty cycle is constructed by capturingbne ur A s | i ¢ e ofrom diffeleny dagsande r at i
splicing these slices together into a composite signal of 10 hours in length. The majority of these slices
represent moderate to very high levels of PV variability. Thus, the composite signal will lead to an

aggressive trackinggnal. Different times of the day and times of the year can be captured by one signal.

The tracking signal is then computed by subtracting thei®@te moving average of the composite

fdayo from the composite si grmomnalizingthstetking sigliahtee dut y
the rated power of the smoothing battery. Care wa
each hour of this day is sufficiently close to net energy neutral.
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The relevant metrics for PV smoothing are listetbly.

Reference performance metrics
9 system rating
9 roundtrip energy efficiency
i response time
9 ramp rate

i energy
9 energy stability

Duty-cyclé specific metrics
1 reference signal tracking
9 SOC excursion
9 duty-cycle rounetrip efficiency

1 maximum ambient temperatumaeasured in degrees Fahrenheit.
Volt/Var

A volt/var application addresses fluctuations in grid voltage by providingarafieres reactivevr)
support, injectingyars as grid voltage dips and absorbiags as grid voltage increases. The ESS is
assumed to be deployed only fart/var support; hencehe full power rating of the ESS is available for
this duty cycleThis work builds on the work done by the Smart Inverter Working Group (SIWG)
convened by th€alifornia Public Utility Commission (CPUG@ndthe California Energy Commission.
The SIWG provided a set of recommendations to the CPUC on February 7, 2014. Based on these
recommendations, the thrivestorowned utilities in Californi@ Pacific Gas anélectric Company,
Southern California Edison Compamand San Diego Gas & Electric Compangroposed revisions to
the California Electric Tariff Rule 21. The CPUC has not yet ruled on the proposed revisions.

Based on these proposed revisions, Underwiiteberatories (UL)Sandia National LaboratorieEPRI,
Xanthus Consulting, the SunSpec Alliance, Loggerwattities, and PV inverter manufacturers
developed a protocol to test smart inverters under a California Solar InigiedgiviéJohnson et al. 2053
Johnson et ak013b,Johnson et al. 2014L 2015.

The relationship developed by the SIVBEESSvar output as a function of grid voltage was used to

develop duty cycles for éholt/varapplication by simulating grid voltage at representative feeder

locations using GridLABDE. The vol tage at t heaaRVeysermhatontend o mmon
of a 4kV feeder was also subjected to the SIWG relationship to develop duty cycles. Ties that

were determined to be relevant tait/var are listed blew. Note that duty cycle roundip efficiency,

which is a metric for other applications, is not relevanait/var applications since no real power is

being exchanged.
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Referenceerformancenetrics
9 roundtrip efficiency

1 response time and ramp rate

1 energy
9 energy stability

Duty-cycle specific metrics

9 reactive power ramp rate at 50% SOC (This is a new metric and uses the same procedure as real
power ramp rate.)

9 roundtrip efficiency
1 reference signal tracking
9 DSOC volt/var, which is thedifference between the final and initial SOC

9 DSOC_active standby, which is tt#ference betweethe final and initial SOC ahe end of an
active standby period of the same duration awaitévar duty cycle with auxiliary loaslturned on,
with the initial SOC the same as the value at the start ofollvear duty cycle

1 Wh_discharge, which ithe real energy injected (with and without ttedt/var duty cycle)
1 Wh_chargewhich is the real energy absorbed (with and withoutthigvar duty cycle)
1 Wh_net, which is the net energy (injected or absorbed) (with and withoublthear duty cycle)

Renewables Firming

Renewablessplar) firming is the application of an ESS pwovide energy to supplement renewable

(solar) generation such that their combination prodstassdy power output over a desired time window.
More precisely,tie purpose of renewables firming ispi@videenergy ¢r conversely, t@bsorbenergy)

when reewable generatiofalls belowsome thresholdof converselyexceedshis threshold). This
application isperformed to provide steady power output over a desired time window, usually a period of
multiple hoursTypically, the threshold is based upon theet@sted nominal renewable power generation
over the desired time windowhus, the ESS is compensating for the forecast uncertainty in actual
renewable generation during that time wind@Wwe method by which the ESS performs this application

is describeds follows. TheeSSdischargepower during periods for which renewable generdfiidis

shortof the threshold andbsorbgpower when renewable generatiexceedshis threshold.

Generally, to yield multiple hours of steady power output, the time pesigaswvhich the ESS attempts
to firm power output are normally in the range of minutes, witimirfute time windows being common.
The key differentiator between smoothing and firming applications can be explained as follows.
Smoothing is applied to limit nap rates, typically in the orsecond to oneninute time periods. Firming
is more appropriately applied in th&minute to severahour timeperiods.

As with PV smoothing, data from the PNM Prosperity Project was used for construction of the
renewables (dar) firming duty cycle $ee Roberson et §2014 for a descriptiorand analysis of the

April 2016 Pageviii



project]. The construction process is similar to PV smoothing except that the time windows of interest are
in the minutes to hours range, rather than seconds to minutes.

The relevant metrics for renewables (solar) firming are listémhbe

Reference performance metrics:

9 system rating

9 roundtrip energy efficiency
i response time

9 ramp rate

i energy
1 energy stability

Duty-cyclé specific metrics:

1 reference signal tracking

9 SOC excursion

9 duty-cycle rounetrip efficiency

1 maximum ambientemperature, measured in degrees Fahrenheit

Power Quality

A sag or interruption in voltage can cause power disturbances that negatively impaayeliterThis
problem can be more common in distribution systeampared to transmission systelfigergystorage

can mitigate voltage sags mjecting real powefor up to a few tens of seconds. The application of an

ESS to address power quality does not require the ESS to provide enough energy for customers to ride
through an outage of greater thanribute duration. The duty cycle consists of continuous discharge at
peak power for durations of 1, &d 10 minutes, where peak power is defined as maximum power
deliveredby the ESS for each of those time durations. The vendor and/or end user determi@s the S
range for each duty cycle. Since power quality involves discharge, the starting SOC can be as high as
100%, with the lower limit at 20% (to ensure the ESS can provide peak power at the lower limit of the
SOC range).

The ESS ramps to the power specifaedi stays there for the specified duratibime dutycycle duration

is adjusted such that total discharge capacity does not exceed energy withdrawn at rated power for one
hour. This is to ensure that an unnecessarily heavy bufderenyy requirement isohplaced on the

ESS, which could necessitate a derating of its power. In the development of the duty cycle for this
application it was determingthat, for powetintensive applications, derating the power to satisfy an
arbitrarily long duty cycle does happear to be practical. The metrics that are relevant to a power quality
application of ESS are listed below.

Reference performanceeetrics

9 roundtrip efficiency
i response time and ramp rate

1 energy
1 energy tability
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Duty-cycléd specific metrics

9 peakdischarge power for durations of 1,@md 10 minutes
9 duty-cycle rounetrip efficiency

1 reference signal tracking

9 SOC excursion

Frequency Control

The conventional name for the service provided by an ESS in this application is frequency résponse

for the purposes of therotocol the termfifrequency contra@ was selected. In this servidbere is a

sudden loss of generation that must be made up through a discharge from the ESS. There can also be a
sudden loss of load, requiring the ESS to charge, hewmtbat situation is not a net zero energy signal

(unlike frequency regulationgince power flows in one direction during this serdickscharge or

charge.

In revising theProtocol to cover a frequency control applicatiiivas assumed that tertiary frequency
control is provided by other generators and that the ESS provides primary and secondary frequency
control. The primary frequency control lasts 30 secoffidsn that pointuntil 20 minuteshas elapsedhe
secondaryrequency control process occurs. As secondary frequency control starts at 30 seconds, the
power provided by assets for primary frequency control decraadehe powelevels provided by

primary and secondary controls stoma constant.

If the ESS provides only primary frequency control, it ramps up tertinlite peak power and stays
there for 30 seconds. Here, peak power is defindldeamaximum power the ESS can provide for
1 minute continuously, which is a new metric relevant te #pplication.

If the ESS provides both primary and secondary frequency ¢abhsimply ramps up to its 2tinute
peak power (the maximum power the ESS can provide for 20 minutes) gsithstee for 20 minutes.

Duty cycles for primary and secondargduency control were developed, with the control events lasting
up to 30 seconds and 20 minytesspectively. The energy storage power used at an adulldl &torage
system as the grid frequency deviated from its nominal frequency was also used siscadsasglop a

linear relationship between storage power and normalized grid frequency deviation. The distribution grid
frequency data was obtained from a tytifior spring, summer,ulaumn andwinter; using the linear

relationship that was developed, wydcycle was developed for each of the four seaddmesmetrics that

were determined to be relevant fait/var are listed below

Reference performanceaetrics

9 roundtrip efficiency
i response time and ramp rate

9 energy
1 energystability

Duty-cycléd specifc metrics

9 peak power for 1 minute during charge and discharge
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1 peak power for 20 minusaduring charge and discharge
9 duty-cycle roundtrip efficiency
1 reference signal tracking

New Metrics

As discussed aboya new duty cycle had to be developed for ed¢hefive new application&Vhile no
new general metrics were added tofhatocol to cover these new applications, there were new metrics
deemed relevant to each of the new duty cydleese new metrics are listed below for each of the new
applicationghat had new metrics included in the Protocol

Volt/Var

1 reactive power ramp rate at 50% SOC, determined using the same procedure as real power ramp rate.
The ESS is brought to 50% SOC and the time taken to go ftord@0 percent reactive power in the
positive direction (capacitive) and in the negative direction (inductive) is measured.

9 DSOC volt/vari the DSOCbhetweerthe endand the beginningf thevolt/var duty cycle

9 DSOC_active_standhythe DSOCbetweerthe em and the beginningf a 24hour active standby
with auxiliary load turned on, with the initial SOC the same as the value at the starvolt/re
duty cycle

1 the real energy injected (with and without thudt/var duty cycle)
1 the real energy absorbedith and without thevolt/var duty cycle)
1 the net energy (injected or absorbed) (with and withowtdktévar duty cycle)

Power Quality

1 peak power at discharge of 1,&hd 10 minutes.

Frequency Control

1 peak power at 1 minute and 20 mirafier charge and discharge

Technical Specifications

As noted above, the EPRI ESIC requested that additional information be included in the Protocol that
utilities and others could use in making decisions about the application and use of an ESS. Thialadditio
information was developed by a working group of the ESIC, and included performance metrics that were
already covered in the June 2014 revision 1 to the Protocol. The information requested also included
general information relevant to ESSs as well atgetechnical specifications associated with an&SS

that is, items not necessarily related to the performance of an ESS for any specific ESS application, but
information broadly applicable to all ESS regardless of application. Section 4.2 of the Jdne 20

revisionl to the Protocol provided for a description of the ESS including its weight, volume, and
footprint (area). That section has been enhanced amptile2016 revision 2 to the Protocol includes a
Table 4.4.1 of general information and technggcifications that include those prior items and adds
additional items, such as operating temperature range and required clearances.
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Acr onyms
AC
CPUC
DAS
EPRI
ESIC
ESS
IEEE
kW
kWh
min
MW
PNM
Pr
PV
RR
RRc
RRop
RT
RTc
RTo
RTE
SDO
SDR
SELR
SIWG
socC
var
Wh

April 2016

and Abbreviations

alternating current

California PublicUtility Commission
data acquisition system

Electric Power Research Institute
Energy Storage Integration Council
energy storage system

Institute of Electrical and Electronics Engineers
kilowatt(s)

kilowatt-hour(s)

minute(s)

megawatt(s)

Public Service Company of New Mexico
rated power

photovoltaic

ramp rate

charge ramp rate

discharge ramp rate

response time

charge response time

discharge respongine

roundtrip energy efficiency
standards development organization
self-discharge rate

standby energy loss rate

Smart Inverter Working Group

state ofcharge

volt-amper¢s) reactive

watt-hour(s)
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Prot'déool Uni formly Measuring and EXpress
Energy Storage Systems

10 Pur pose

ThisPr ot oc ol provides a set of fidioeagetsystem&ESStandc es o f or
measuring and reporting their performaricgerves as a basis for assessiag an ESSwill perform

with respect to key performance attributes relevant to different applicdtichsitended to provide a

valid and accurate basis for the comparison of diffde&8s By achieving the stated purposiee

Protocol will enable more informed decisionaking in the selection &SSsfor various stationary

applications.

20 Scope

TheProtocolidentifies general information and technical specifications relevant in describing an ESS and
alsodefines aset of test, measuremeand evaluation criteria with which to express the performance of
ESSthat are intended for energytensive and/opowerintensive stationary applicationdn ESS

includesa storagedevice battery management systeandany power conversion systems installed with

the storage devic&heProtocol is agnostic with respect to the storage technology and the size and rating
of theESS

TheProtocol does not apply to singlese storage devices and storage devices that are not coupled with
power conversion systems, nor does it address safetyjtgeor operations and maintenanceE8Ss or
provide any pass/fail criteria.

30Definitions

The following definitions shall be applied within the context of this protocol for the purposes of
performance testing.o be useful, test procedures must inelgigfinitions to narrow the margin for
interpretation and increase the repeatability of tdgans not defined shall have their normal dictionary
meaning and be applied as such when usingriiecol.

Area Control Error . A measure of the deviation ofdtactual interchange energy from the scheduled
interchange energy on the ties with adjacent balancing authorities coupled with a frequency error
component, a meter error component, a time error correctiondaadran inadvertent energy payback
term.

Area Regulation. A control signal from the balancing authority to devices that will respond to the control
signal within the time frame specified by the balancing authority through a calculation by the balancing
authoritydéds energy maonadjegronent system of the area

Auxiliary Load s. Loads associated with the operation of an ESS sydtiutsot limited to controls,
cooling systems, fans, pumps, and heaters necessary to operate and protect the system.

'When referring to fAthis protocol o or simply the protoc
of the protocol (PNNL 22010 Rev. 2 / SAND203678 R).
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Balancing Authority . The responsible entity thattegrates resource plans ahead of time, maintains load
interchangegeneration balance within a balancing authority area, and supports interconnection frequency
in realtime.

Black Start. Black start refers to the process of restoring electric power fraomalete blackout,
without relying on an external power source.

Duration. The discharge time at rated power from the ug@€limit to thelower SOClimit as
specified for the application.

Duty Cycle. A charge/discharge profile that represents the demands assedgtatadspecific application
thatis placed on alESS

Energy Efficiency. The useful energy output divided by the energy input tE®®8expressed as a
percentagéJohnson et al. 2013ahcludingall parasitic energies needed to run the system, such as
heating or cooling.

Energy Storage System ManufacturerThe entity that designs and assembles the various components
that compse the ESS.

Energy Storage System, Seffontained. Energy sbrage systemahere the energy storage devices such
as cells, batteriesr modules and any necessaontrols,ventilation, illumination, fire suppressipor
alarm systems are assembliegtalled and packaged into a singular energy storage container or unit.

Energy Storage System, Pr&ngineeredof Matched Components Energy storage systertsat are
not selfcontained systems but instead are provided as separate comporesystefn by a singula
entity that are matched and intended to be assembledESa the system installation site.

Frequency Control. Theapplication of an ESS to control grid frequency through the discharge of power
when there is sudden loss gfower from ageneratiorsource or an acceptance of power when there is a
sudden loss of load on a generation source.

Frequency Regulation Regulation of electric power frequency provided by generating units that are

online and increase or decrease power as needdtarnsprovided byESS¢ hat provi de Aupo
regul ation by dischar gi ng Thisisdlsoftehsiderabtheusegful at i on b
generation, loadsnd energy storage to control system frequency within a predetermined bandwidth and

the inclusion of local devicesuch as a generator governgrelay or aphasor management urtiat

continuously measure frequency and then send a control signdética to increase or decrease the

amount of energy injected into the grid or the amount of load on the grid.

Load Following over 24 hours.The applicatiorof an ESSo0 achieve a balance between electric supply
and eneuser demand within a specific areaer a 24hour time window

Microgrid . A group of interconnected loads and distributed energy resources within clearly defined
electrical boundaries that acts as a single controllable entity with respect to thedjhdtcan connect
to and disconnedtom the grid to enable it to operatedithergrid-connected or islanchodeand is not
limited by size but by functionality
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Islanded Microgrid. An energy storage application that includes multiple loads and distributed energy
generation and storagesources that is operated as an electrical island separate from the utility grid.

PeakShaving An energy storage application that requieduration of discharge of the E8&ingthe
daily onpeak periodor electric poweKon the order o2 to 12 hous) and is intended to recharge in the
daily off-peakperiodfor electric powernd be available again the following day.

Power Factor. The ratio of theealpower @lternating current4C]) flowing to the loado the apparent
power (AC) in the circuiexpressed asdimensionlessalue betweei 1 and+1.

Power Performance Electrical. The maximunelectric power sustainabfer a given duration of
discharge.

Power Performance, Thermal. The maximum thermal power sustainable for a given duration of
dischage.

Power Quality. Mitigation of voltage sags by injection of real power for up to a few tens of seconds.

Primary Frequency ResponseCompensation for sudden loss of generation or load by discharging or
charging for up to 30 seconds.

Secondary Frequency Respons€ompensation for sudden loss of generation or load by discharging or
charging for up to 20 minutes.

PV Smoothing.The application of aESSto mitigate rapid fluctuations in PV power outghatoccur
during periods with trasient cloud shadows on the PV artayaddingpowerto or subtradhg power
from the output of a PV system in ordersmooth out the high frequency components of the PV power

Ramp Rate The rate of change of power delivet®dor absorbed by aBSSovertime, expresseth
megawatts peminute oras a percentage chariggatedpowerover time(percentper minute)

Rated Power.The power performance of the ESS for a particular application.

Reference Performance TestA set of tests performed tite begiming ofthelife of anESSto establish
the baseline initigherformance ofhe ESSand atperiodic intervalghereafteto determine the
performance degradation tbfe ESSuring its operating life

Renewables (Solar) Firming. The application of an ES® provide energy teupplement renewable
(wind or solar)generation such that their combination prodigteady power output over a desired time
window.

Round-Trip Energy Efficiency (RTE). The useful energy output from &$Sdivided by the energy
input into theESSover one duty cyclender normal operating conditigrexpressed as a percentage

Response TimeThe time in seconds it takes B6Sto reach 10@ercentof ratedpower during charge
orto discharge100 percent of rated power dudisghargdrom an initial powermeasurement taken
when theESSis at rest.
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Stored Energy The amount oélectric or thermaénergy capable of being stored byEBS expressed as
the product otherated powenf the ESSndthedischarge time at rated power.

Voltage Unbalance.The limit at which phase voltage magnits@ad angles are different from the
balanced conditigrit is calculated by averaging the voltage valokthe phases

Voltage Unbalance, Polyphase Systeniihe largesteviation from averagehasevoltagedivided by the
average phase voltagexpressed as a percent.

Volt/Var Support. The use of aiESSto provide reactive power or absorb reactive powased on grid
voltage

400verview

4.1 Intent. The intent of this section is to provide an overview ofRf@ocol and how it is intended to
be usedwhich isillustrated inFigure4.1.

= 4.2 ESS Description J
=i 4.3 ESS Application(s) J
=1 4.4 Specifications and Performance Metrics I

4.5 Measurements and Determination of Performance Metric

mma 4.6 Reporting of Results J

Figure 4.1. Protocol Overview

The assignment of responsibility throughout Enetocol refers to the manufacturer; however, in the case

of an ESS that isaitherself-containedhor preengineered comprising two or mdeetory-matched

modular components intended to be assembled in the field, the manufacturer shall be considered the entity
that designs the ESS and oversees its installation and commissidméngpplication and use of the

Protocol is intended for use bayd just manufacturers or designers of an BSS.intended that users of

ESS such ashut not limited toutilities and building owners/operatomho want to determine ESS
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performance, whether to verify what is reported by the manufacturer or desigoeetermine
performance for the first tim@Jso use th@rotocol to determine ESS performance.

4.2 Description of the Energy Storage System The ESSshall be described by tiiESSmanufacturer
via an ESSnventory, which shall includanydevicescontrols inverters, auxiliary devicesnd other
components associated with tB8S

Thedescription shall identify theoundary within which th&SS as described in Section 2résides and
the type and purpose of eadput and output that crassthe ESSboundaryIn describing thé&SS the
manufacturer shall also provide information necessary to clearly define the communication interface
across th&SSboundary This shall include a description of the type, quabityd thesource of and
destinatiorfor all information sent from and received by 88S This information shall be available for
application and use in designing th&erfaces to be used for tests and data colleetésociated with the
application of this protocol

4.3 ldentification of the ESSApplication. The intended application(s) of tE&SSshallbetakenfrom
Table 4.3and included in the reporting conducted pursuant to Sectiotdérgification of the intended
applicatiorfs) for aself-contained or a matchedsasnbly of componeniwre-engineered comprising two

or more factorymatched modular components intended to be assembled in thehfslithe conducted by
the manufacturer of theSS Identification ofthe intended applicatigs) for anESSnot having a singular
manufacturer but insteasl compsed ofan assembly afomponents to make upe ESSshall be
conducted by the designer of th8S Upon procurement of the E@Qutility shall be permitted to

identify additional applications for tHeESS.When additional applications for the ESS are designated by
the utility implementing the ESS installation the utility shall be responsible for the application of the
Protocol for any additional applications beyond those covered by the manufactyseor designer.

Table 4.3 Energy Storage System Applications

Peak Shaving (Managemer| Volt/Var

Frequency Regulation RenewablegSolar) Firming
Islanded Microgrids Power Quality

PV Smoothing Frequency Control

4.3.1Peak Shaving (Management Energy storage systems intended for pgla&ving applications shall
alsobe classified as a#lectric or electric/thermal systerand identified ky their application
classificationin accordance with Sections 4.3.1.1 through 4.3.1.11.

4.31.1Energy Time Shift (Arbitrage). Energy time shift (arbitrage) shall be considered a use
classification of afeSSin a peakshaving (management) application where the system is charged during
low energyprice periods and discharged during high engngge periodswhere theESSownereither

pays wholesale market energy rates plus a delivery charge or paysf-ilag retail rates.

4.31.2Electric Supply Capacity. Electric supply capacity shall be considered a use classification of an
ESSin a peakshaving (managemerdpplication where the storage capacity of the system is used to defer
the installation of new electric generation capacity, suchusot limited toa relatively small storage
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system or series of systems where growth has created a need for gettesttEmot be satisfied in the
short term and the storage system would be expected to supply load over the full period when the excess
capacity is needed.

4.31.3Load Following. Load following shall be considered a use classification &%8in a peak
shaving(management) application where the system is used to reduce ramp rate magnitudes so that
conventional loadollowing generating units can better moderate cycling and be brougit, or near,

full load.

4.31.4Transmission Congestion ReliefTransmission congestion relief shall be considered a use
classification of afeSSin a peakshaving (management) application that is a special case of the energy
time-shift use classification in Secti@n3.1.1, where electric transmission congestion leads to price
differences across a transmission system at the same point iintittnis. use classificatigrihe storage
system shall be located on the load side of the congested network, athaniggtbw-price periods when

the system is not congestamd discharged during higirice time periods when prices have increased
due to congestion.

4.3.1.5 Distribution System Upgrade Deferral Distribution system upgrade deferral shall be considered

a use classificationf anESSin a peakshaving (management) application where the system responds to a
situationin whicha piece of equipment on the distribution system, including power line conductors,
experiences | oadings that ap pnmatedcaphcityttiembydliowintgr i but i
the existingdistribution system equipment to remain online longer until other conditions necessitate
upgradingthe distribution system equipment.

4.3.1.6 Transmission System Upgrade DeferralTransmission system upgradeferral shall be
considered a use classification ofEE&Sin a peakshaving(management) application identical to the
distribution upgrade deferral application covered in SeetiBri.5 except that it applie® higher
voltages and higher power condits found on the electric transmission system.

4.3.1.7Retail DemandCharge Management Retail demangatharge management shall be considered a
use classification of aBSSin a peakshaving (management) application where the system is djawlde
used to minimize the demand charge from a utility over the course of each month.

4.3.1.8Wind Energy Time Shift (Arbitrage). Wind energy time shift shall be considered a use
classification of af£SSin a peakshaving (management) application whereteie power generated from

a wind technology during lowholesaleprice periods is stored and then delivered during high wholesale
price periods.

4.3.1.9Photovoltaic Energy Time Shift (Arbitrage). Photovoltaic energy time shift shall be considered
a use fassification of arESSin a peakshaving (management) application where electric power
generated fronPV technology is stored and then delivered to the system when needed.

4.3.1.10Renewable Capacity Firming Renewable capacity firming shall be consideaxade

classification of afeSSin a peakshaving (management) application that involves the coupling of
intermittent renewable generation with a specific capacity and type of energy storage that allows for an
increasen the ability of the renewable gemaion to participate in the capacity market.
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4.31.11Baseload Generation Time ShiftBaseload generation time shift shall be considered a use
classification of afleSSin a peakshaving (management) application wher&e&sis configured to allow
baseloadinits to operate at full capacity during lighter nighttime loads, and deliver energy to the system
in a way that minimizes or displaces higlecest peaking generation.

4.3.2Frequency Regulation.Energy storage systerrgended for use in frequency regulation shall be
permitted to represent area regulation as used by a balancing authority Monle@merican Electric
Reliability CorporatiorBalancingAuthority Performance Control Standards.

4.4 ESS Specifications and Pedrmance Metrics. Thegenerainformationand technical specifitins

in Table 4.41 shall be provided for each E$&yardless of the intended application of the BS®

reported in accordance with Section.@.hereferencgerformance information in Bée 4.4.2 shall be
provided for each ESS regardlesgtadintended application of the E®$accordance with the

procedures in SectionZand reported in accordance with Section 6.2. The-dytle performance
information inTable 4.43 shall be providedor eachapplication for which the ESS is intended to be used
by applying the applicable duty cycle(s) from Sectioni®.@ccordance with the procedures in Section
5.4, and reported in accordance with Section 6.3

4.4.1 Subsystems and ComponentsThe manufacturer shall identify all subsystems and major
components that corope theESSon a schedule &SScomponents that lists each subsystem or major
component by name and model numfdre schedule shall also list the input and output of each
componentn accordance witkthe provisions irSections4.5.1.1and4.5.1.2 Where the ESS is

constructed from a number of separate componaaithérself-containedhor a matched assembly of
componentpre-engineered comprising two or more factongtched modulatomponents intended to be
assembled in the figldthese responsibilities of the manufacturer shall apply to the entity that is designing
the system and overseeing its installation and commissioning (designer/installer) based on information
provided to itby the manufacturer(s) of the components making up the ESS.

4.4.2 System Ratings.Ratings for ESSs covering rated powamergy available at rated powand the
performance of the ESS associated with the items in $4ble2and 4.4.3aken at the beginning of life
shall be based on a set of ambient operating conditions specified by the manufacturer of The ESS.
manufacturer shall also provide an indication of how the performance of theiES8spect to the
metrics in Tables 4.2.and 4.4.3s expected to change over tinb@ account for time and use of the
systemand report that in accordance with Section 6.4.

The determination and reporting of ratings for ESSs shall be in accordandesiittiie of Electrical and
ElectronicsEngineerslEEE) Standard 1679 as expanded herein to provide-gpaeific test procedures
that apply taall ESS regardless of application (i,eeference performance) and to the intended
application(s) of the ESS (i,@luty-cycle performanceBsuch expnsion shall includaseof theduty
cycle(s) in Section 5.8uring testingelevant to the intended ESS applicatéon taking measurements
needed to determine the values for the metrics in Tablethak.8xpresshe performance oESSsor the
applicatonsthe ESS isntended to suppart
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Table 4.4.1 Generalnformation and Technical Specifications

Subject

Description

Enclosure Type

A description of the system enclospureludingany enclosursupplied
with the system, provided as a part of the isistallation and/or
comprised of building assemblies associated with the installation

Equipment Footprint

L x W of system including all ancillary components (sq. ft.)

Height Equipment height plus safe clearance distances above the equipme
Weight of each individual subsystgpower conversion systeBESS,
Weigh accessories, e)¢cincluding maximum shipping weight of largest item

that will be transported to the project siltes()

Operating Temperature
Range

The ambient temperature rangendiich the system is designed to
operate {F)

Grid Communication
Protocols/Standards

List of communicationselated protocols and standards with which th
ESS is compliant

General Description of the
Energy Storage System

Identification of the energgtorage technology type (e.pattery type,
flywheel, etc.) used in theSS

Warranty & Replacement
Schedule

Warranty inclusions and exclusions, including replacement schedulq
and timespan of warranty and any limitations

Expected Availability of
System

Percentage of time that tESSis in full operation performing
applicationspecific functionstaking into account both planned and
unplanned dowatime

Rated Continuous Discharge
Power

The rate at which the ESS can continuously deliver energy for the €
specified SOC range of the storage device that comprises the ESS

Rated Apparent Power

The real or reactive power (leading and lagging) that the ESS can
provide into the AC grid cdimuously without exceeding the maximun
operating temperature of the ESS

Rated Continuous Charge
Power

The rate at which the ESS can capture energy for the entire SOC rg
the storage device that comprises the ESS

Rated Continuous AC
Current (dischage and
charge)

The AC current that the ESS can provide into the grid continuously
canaccept fronthe grid continuously without exceeding the maximur
operating temperature of the ESS

Output Voltage Range

The range of AC grid voltage under which tHe@FEwill operate in
accordance with the ESS specification

Rated Discharge Energy

The accessible energy that can be provided by the ESS at its AC
terminals when discharged at its beginning of life and end of life

Minimum Charge Time

The minimum amount dfme required for the ESS to be charged fron
minimum SOC to its rated maximum SOC
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Table 4.4.2 ReferencéPerformance

Subject

Description

Stored Energy
(Sections.2.1)

The amount of electric or thermal energy capable of being stored by an ES
expressed as the product of rated power of the ESS and the discharge timg
rated power

RoundTrip Energy
Efficiency (5.2.2)

The useful energy output from an ESS divided by the energy input into the
over one duty cyclender normal operatingpnditions expressed as a percents

Response Time
(Section 5.2.3)

The time in seconds it takes an ESS to reach 100 percent of rated power d
charge or from an initial measurement taken when the ESS is at rest

Ramp Rate
(Section5.2.3)

The rate of bange of power delivered to or absorbed by an ESS over time
expressed in megawatts p&condr as a percentage change in rated power
time (percent pesecond

Reactive Power
Response Time
(Section 5.23)

The time in seconds it takes an ESS taheb00 percent of ratexpparenpower
duringreactive power absorption (inductive) and sourcing (capacftioa) an
initial measurement taken when the ESS is at rest

Reactive Power
Ramp Rate
(Section5.23)

The rate of change of reactive power delivered to (inductive) or absorbed b
(capacitive) an ESS over time expressed garlder second or as a percentagg
change in rated apparent power over time (percent per second)

Internal Resistance
(Section 5.2.3)

The resistance to power flow of the ESS during charge and discharge

Standby Energy Losg

Rate (Section 5.2)

Rate at which aESSloses energy when it is in an activated state but not
producing or absorbing energy, including stifcharge rates and enellggs
rates attributable to all other system components lfia¢tery management
systemsenergy management systerasd other auxiliary loads required for
readiness of operation)

Self-Discharge Rate

(Section5.25)

Rate at which aikSSloses energy whetie storage medium is disconnected
from all loads, except those required to prohibit it from entering into a state
permanent noffunctionality
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Table 4.4.3 Duty-Cycle Performance

Subject Description

Theuseful energy output from an ESS divided by the energy in
Duty-Cycle RoundTrip Efficiency | into the ESS over eharge/discharge profile that represents the
(Section 5.4.1) demands associated with a specific application that is placed o
ESS expressed as a percentage

Reference Signal Tracking

(Section 5.4.2) The ability of the ESS to respond to a reference signal

Stateof-Charge Excursions The maximum and minimum SOC attained by the ESS during t
(Section 5.4.3) execution of the duty cycle

Energy Capacity Stability The energyapacity at any point in time as a peregeof the
(Section5.4.4) initial energy capacity

The difference betweehe final and initial SOC shall be reported

DSOC volt/var (Section 5.4.5.1) alongwith the initial SOC

The difference between the final and initial SOC at the end of &
DSOC active standby active standby afhe same duration abe volt/var duty cycle with
(Section5.4.5.1) auxiliary load turned on, with the initial SOC the same as the v
at the start of theolt/var duty cycle shall be reported.

Wh_dischargéSection 5.4.5.1) The real energy injectadto the grid(with and withoutvolt/var

duty cycle)

Wh_chargeSection 5.4.5.1) The real energy absorb&dm the grid(with and withoutvolt/var
duty cycle)

Wh_net(Section 5.4.5.1) The net energy (injectddto or absorbedrom the grid (with and

without volt/var duty cycle)

PeakPower (Section 5.4.5.2 or
Section 5.4.5.3 for Pow&uality
or Frequency Controlpplications
respectively)

The peak power the ESS can providiea specific duration

4.5 Measurement Procedureand Determination of Performance Metrics Measurements shall be
conductedn accordance with the test conditions, data acquisition conditodsest procedures in

Sectian 5.0, theuse of which is intended enerate and make availalieaccurate and repeatable data
necessary to calculate theferencgperformance metricis Table 4.4.2 and dugycle performance
metricsrelevant to théntended ES@pplicatior{s) in Table 4.4.3 In determining system performance,

the energy use associated with determining a particular metric shall be converted to a single consistent
and comparable metridll required conversions necessary to derive the reported value of the metric shall
be in accordance with American National Standards Institute/American Society of Heating, Refrigerating
and Air Conditioning Engineers (ANSI/ASHRAE) Standard 105.

45.1Inputs The input of each slystemand major component in terms of electrical power and/or
thermal or norelectrical energy shall be determined in accordance with recognized standards and those
standards useshall bereported in conjunction with the data reported in Sedifn

45.2 Outputs The output of each sappstemand major component in terms of electrical power and/or
thermal energy shall be determined in accordance with recognized standards and thasis siseutla
shall bereported in conjunction with the data reported in Se@ifn
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4.6 Reporting and Displaying Information, Specifications and Performance Thegeneral
information, technical specifications and referepegormance of thESSand dutycycle performance
for each intended applicatiai the ESSshall be reported in accordance witle provisions irSection6.0
and included in a permanent label affixed to the system or included wigS®specifications.

The reporting of ESS p@rmance in accordance withe provisions irSection6.0 shall not preclude the
reporting of other informatigrtechnical specificationseference and duigycle performance metrics or
dataassociated witthe ESSthat is not provided for in this documteWhere such additional information
is to be provided by the ESS manufactuiteshall be reported on thabelrequiredin Section 6.1, 6.,2r
6.3 as applicablar included with the ESS specificatioasd accompanied by a reference to the
standardmeasurement methpadr other basis for determining the information repoeted if relevant,

the duration of and increments in time at which the measurements were taken and the error margin
associated with those measurements

50 Test Met hods and Procedures

5.1 ComprehensiveData Recording All measurements of charge rate, input current and voltage,
output current and voltage, thermal output, system temperatures, ambient conditions, and other
parameterghat muste measured shall be collected simultaneousiytamporal resolution applicable to
the function of th&aSSandESSmetrics to whichthe measured datae being applied and in accordance
with recognized standards applicable to the measurements beingAtlkemameters measured and
recorded shall basedin determining and reportingSSperformanceén accordance with this section and
Section 6.0All tests shall be conducteahdhe entirceSSas defined by the manufactuar
designer/installeof the ESSin accordance witkhe provisions irSection4.2.

5.2 ReferencePerformance Reference performance teshall beconductedor all ESS regardless of
intended application(sh accordance with this secticandthe resultshall beused to determinESS
performance that can be subsequently used asdite to assess any changes in the condition &38e
andperformance over time and u§&ference performance tests shall be conduotddtermine baseline
performance fothe ESS prior to dutgycle testingunder Sections 5.3 and 5Fhese testshall be

repeated at regular intervals specified by the manufaatueer directed byhe end useduringoperation

of the ESSor the purpose of facilitating eomparisorof performance stabilitpf the ESSver the

course ofts operating lifetimeSud intervals shall be selected to identify how the testing or operation
affects the performance of tE&SSand shall be in units of time, number of cycles, or energy throughput.

5.2.1Stored Energy A stored energtest shall be performad accordance with this section aisd
intended tdeused to determinthe storedenergyof the ESSat the rateelectrical or thermgbowerof
the ESSas specified by the manufacturer.

5.2.1.1 TestOverview. The ESSshall be discharged to thaver SOClimit specified by the
manufacturerln conducting thetored energjest the manufacturer shall describe a detailed and
documented charging procedure within the specifications &®8%®for charging th&eSSin less than
12 hours tothe uppelSOCIimit of the ESSIn addition the manufacturer shalrovide the rated power
for the ESS for the constapbwer discharge to its lower SOC limill stored energgapacity tests
conducted on the san&SSshall remain consisterand allow forproperly trackng performance
degradation.

April 2016 Pagell



Energy storage systepower during charge and dischasi®ll be recoredat regular intervals of time or

at step or percentage variances at a rate that is documented by the manufacturer ta pravstieally

valid resolution The associated energy input and output of the ESS shall be calculated from the recorded
power.The storecnergy capacityest assumethie ESS powers the auxiliary loads.

5.2.1.2 Stored Energy Test Routine TheESSshall be tested for its storedezgyat selecteghowerin
accordance witkhis sectionThe measurements shall be collected in accordance with S&@idnl
throughoutall stepsassociated with the te§these measuremerslall be permitted tbe repeated for
multiple discharge poweéevelsfor various durations and/or end S§®o determine baseline eneagy
multiple power levels. The recharge rate for each of these power $énadlslso be permitted t@ryin
accordance witthe ESSmanufacturels recommendation.

1. The ESS shall beharged to its upper SOC linfiy charging at rated powar accordance with
the system manufacturer &8s s plrhatupgei SOG shallbems and o
measured and recorded ag,(thermal storage without phase change),@kEherma storage
with phase chang&/here P is percentage mass of the solid phase for aliggiid phase change,
and percentage mass of liquid phase for a ligoigas phase changeorresponding to the upper
SOC,under the manufacturaspecified charge conitins. For electrical ES§ the SOC as
reported by the battery management system or the flywheel management system shall be
recordedThe energy inpuduring chargeWhc;, into the ESS during ESS charging, including all
parasitic losses, shall be measud@dctly during charging and recorded as the charge energy of
the ESS. This energy shall be measured fromgQdescribed in &p 1 for the case when each
cycle consists of a chagdollowed by a discharge, ante 4 when each cycle consists of a
discharge followed by a charge.

2. Where the ESS requires a rest time after charging and prior to dischiargowprdance with the
manufacturerés speci fi c the system shallebe ldft abrgseimaat i ng i n
active statdor 5 minutes

3. The ESS shall be discharged to its lower SOClimt accordance with the ES
specifications and operating instructiomiat lower SOC shall be recorded as the manufaeturer
specified Tin (thermal storage without phase change), @ fhermal storage with phase change,
where P is percentage mass of the solid phase for aigolid phase change, and percentage
mass of liquid phase for a liqutd-gas phase change), corresponding to that lower SOC, under
the manufacturespecified dischagconditions. For electrical ES3he SOC as reported by the
battery management system or the flywheel management system shall also be recorded. If during
discharge the ESS discharge power decreases by 2% or more before the lower SOC is reached,
the disclarge shall be continued to the minimum S&@@ the discharge energy shall be recorded
up to the pointvherethe power reaches 98% of initial pow€&his SOC shall be denoted as
SOG.pefor each dischargd.he energy output to SQE., Why;, from the ESSIuring ESS
discharge shall be calculated from the power measurements during discharge and recorded

4. The ESS shall be left at rest in an active standby state for the same period of time selected under
Step2 above.

5. The ESS shall be chargedtoitsupperSO@li t i n accordance with the
specifications and operating instructiombat upper SOC shall be measured and recordeg.as T
(thermal storage without phase change),@x@Ehermal storage with phase changéere P is
percentage maf the solid phase for a seliquid phase change, and percentage mass of liquid
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phase for a liquido-gas phase changeorresponding to the upper SQ@gder the
manufacturesspecified charge conditionsSor electrical ES§ the SOC as reported by thattery
management system or the flywheel management system shall be re€bededergy input

during chargeWhg;, into the ESS during ESS charging, including all parasitic losses, shall be
measured directly during charging and recorded as the chaggy e the ESS. This energy

shall be measured from SQgdescribe in Sep 1 for the case when each cycle consists of a
charge followed by a discharge, antef 4 when each cycle consists of a discharge followed by a
charge

6. Steps 2 through 5 above #Hze repeatedour times for a total of 5 cycles.

The reference performance test value for stored energy shall be calculated as the mean of the
values of W,; andWhc; as measured undeted 3 for dischargeand Sep 5 for chargassociated

with each test and the standard deviation also calculated and reported in accordance with Section
6.2.

7. Steps 25 shall be repeated at power levels of 75%, 508d 25% of rated poweafter brindgng
the ESS to its upper SOC lim&inceonly one cycle is done at each power level, the measured
charge and discharge energy values are reported.

5.2.2Round-Trip Energy Efficiency. A roundtrip energy efficiencyRTE) test shall be conductea
conjunction vith the stored energgst in Sectiorb.2.1to determine the amount of energy thaE85
can deliver relative to the amount of energy injected int&e®®during thesubsequentharge.

5.2.2.1 RoundTrip Energy Efficiency Calculation. The RTE of theESSis the efficiencybasedn the
threetestcycles andhall be determined in accordance with Equafidnbased on the dasgcuredrom
the tests conductad accordance witkhe provisions irBection5.2.1. Where constant power cannot be
held during the testhe use of average power shadl considered acceptable and this noted when
reportingRTE in accordance witthe provisions irSection6.2.

YEODD D'@"Q"Q&)'Q'(%ﬂ—ea—e&‘ 6 (5-1

where
1 3is thenumber of testycles conducted during the tests under Se&iarl
9 i is the numbeof each test cycle

1 WhD is theelectrical energy imvatt-hours atrated powekilowattsor the electrical equivalent in Wh
of thermal energy delivered (output) by the system measured and recokifesl s cyclei

1 WhG is thewatt-hour input (AC) into the system during system charging, including all parasitic
lossesmeasured and recorded\&$ G for cyclei.

ForanESS configuration where the auxiliary load is powered separ#telyounerip efficiencyshall
be calculatedn accordance with Equations
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Yé 6 b0 VPO Q-6 (5-2)

where
1 Aux,; is the energy consumption by auxiliary loads during discharge for icycle
1 Aux; is the energy consumption by dliaty loads during charge for cycie
1 Auxg is the energy consumption by auxiliary loads duringaétst discharge and charfg cyclei.

The RTE of individual cyclesf anESSwhere the ESS igowering auxiliary loadshall bedetermined in
accordancevith Equation 53.

Y 6 5D QNG00 ddm o — (5-3)

The RTE of individual cyclesf an ESS wherauxiliary loadsarepowered by @ource other than the
ESSshall bedetermined in accordance with Equat®4.

Y 6 D OVN'QQ0 Q00— (5-4)
Theapplicablecalculation in Equations-5 through 54 shall then be repeatéat each cycle

The RTE shall be reportéd accordance with Section 623 a function of theharge and discharge
power.

5.2.3 Response Time and Ramp Rat&heresponse timé€RT) andramp ratg RR) to determine the
amount of time required for the ESS output to transition from no disctafgk discharge rate and from
no charge to full chargeateat rated power and also rated reactive pashell be determined for the ESS
in accordance with this sectiofihe RT and RR at both rated power and rated reactive power shall be
reported in accordance with Section 6.2.

5.2.3.1Test Overview.The manufacturer shall provide informatiaboutrated powefenergy capacity)
as required byhe provisions irSection5.2.1 The response time shall be measured in accordance with
Figure5.2.3.1starting when the sign@ommand)s receved at theESSboundary as established in
Section 4.2and continuing untithe ESSdischarge power output (electrical or thermal) reaches206

of its rated power.
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Figure 5.2.3.1 Response Time Test

5.2.32 Discharge Test Routine Thedischargeesponse timéRTp) test shall be conducted in
accordance with the following procedure anddisehargeesponse time calculated in accordance with
Equation5-5.

1. TheESSshall be at th&0% SOCand in an active standby state.

2. The data acquisition systgDAS) shall be configured to record a time stampvhen acommand to
change set point from restdischargds sent to the ESS.

3. The DAS shall be configured to record a time stamwien the ESS starts responding to the
dischar@ command signal.

4. The DASshall be configured to record a time stammhen the outpt of theESSreaches 1082%
of its rated power capacityr he acquisition rate of data shall be at least twice as fast est¢le
power capacitglivided by thedischarggamp rate of th&SS as determined iaccordance with
Equation5-6a and at least one intermediate data point shall be acquired BS$itr@nsitions from
rest to full discharge.

5. TheESSshall be configured to respond to a step changewer outpuset point according to the
ESSma n u f a cspecificagion® s

6. TheDAS shall be started and shall commandpbeeroutput of theESSto changeo full rated
discharggower outputand T, and T2 shalbe measured and recorded

7. TheDAS shall be reset to state to begimecordingdata and th&SSplaced in a state of active
standby.
RT,=T21 T1 (5-5)

where RTF is the discharge response time in seconds; T1 is the beginning time stamp, in seconds, when
the ESS starts responding to the discharge signalf 2iglthe end time stamp, in seconds, when the
output of the ESS reaches 10@% of its rated power output.

Thedischargeamp ratg RRy) shall be calculated in accordance with Equalidiaand expressed in
megawatts pesecond
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RRp = [Pr)/[T2T T4 (5-69)

wherePr,is the powenutputof the ESS recordeat time T, (100 +246 of rated powercapacity; T; is the
beginning time stamp, in seconds, when the ESS starts responding to the dischargensigpid the
end time stamp, in seconds, when thg@oubf theESSreaches 100 +2%f its ratedooweroutput.

The discharge ramp rate shall also be expressed as percent rated peeeom&RRp,.;,) in accordance
with Equation5-6b.

RRppet = RRo/ Pr 2 100 (5-6b)
where R is the rated power of the ESS.

The manufacturer shall provide information about the rapgxarenpower of the ESSand the tests in
Section 5.2.3.2 shall be repeatedréplacing theated power withtheratedapparenpower to determine
the reactive power response time. When thetingapower is providethy the ESSdapacitance

behavior) this mode shall correspond to the discharge mode. When the ESS absorbs reactive power
(inductivebehavio}, this mode shall correspond to the charge mode.

5.2.33. Charge Test Routine.Thechargeresponse timgRTc) test shall be conducted in accordance
with the following procedure and tlohargeresponse time calculatéuaccordance with Equatidiy?.

1. TheESSshall be at th&0% SOCand in an active standby state.

2. TheDAS shall be configured to record a time stafgpvhen acommand tahange set point from
rest tochargeis sent to the ESS.

3. The DAS shall be configured to record a time stamwien the ESS starts responding to the charge
command signal.

4. The DAS shall be adfigured to record a time stamp When the input to the system reaches
100+2% of its rated power capacifyhe acquisition rate of data shall be at least twice as fast as the
rated power capacity divided by the ramp rate of the ESS, as determinedrdaaceownith Equation
5-8a, and at least one intermediate data point shall be acquired as the ESS transitions from rest to full
charge.

5. The ESS shall be configured to respond to a step change in power input set point according to the
ESS specifications praed by the manufacturer.

6. The DAS shall be started and shall command the power input to the EB&hgeo full rated
charge power input, and, @and T, shall be measured and recorded.

7. The DAS shall be reset to a state to begiordingdata and th&SSplaced in a state of active
standby.
RTC = T2 T T]_ (5‘7)

whereRT. is thechargeresponse time in seconds is the beginning time stamp, in seconds, when the
ESS starts responding to ttigargesignal andT, is the end time stamp, in seconds, whenitipait tothe
ESSreached 00 £2% of its ratedooweroutput.
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Thechargeramp rat§RRc) shall be calculated in accordance with Equafidéaand expressed in
megawatts per minute.

RRc = [Pr)/[T2 T T4] 3 60 (583
wherePr, is thepowerinput to the ES®ecordedat time T, (100 +246 of rated powercapacity.

The charge ramp ra{®Rc) shall also be expressed as percent rated power per minug)RR
accordance with Equatidi8hb.

RRcpet = RRC/ R 3 100 (5-8b)
where R is the rated power of the ESS.

Where DC measurement is available, the internal resistance for both discharge and charge shall be
calculated as the ratio of tikhange irDC voltageandDC currentat the end of 10 seconds,accordance
with Equation 59.

Internal resistance (ohms)\#10s)i V(initial))/I(10s) (5-9)

Where V(10s) and 1(10s) are DC voltage and current at the end ofdriidseand V(initia) is initial DC
voltage, with I(initial) equal to O.

The manufactumeshall provide information about the rated reactive powereE8&S and the tests in

Section 5.2.3.3 shall be repeatedréplacing theated power with the rated reactive power to determine

the reactive power ramp rat®hen the reactive power govided bythe ESS (capacitive behavior), this
mode shall corresporid the discharge mode. When the ESS absorbs reactive power (inductive behavior),
this mode shall correspond to the charge mode.

5.24. Standby Energy L ossRate. The standbynergyloss ratd SELR) shall bedeterminedn
accordance with the followingrocedure

1. The ESS shall be chargem100% SOC

2. The ESS shall beistharge atrated poweto minimum SOCand thecapacityrecorded a¥Vh,ia.

3. The ESS shall be chargaal100% SOC anthe ESSestedfor 1 week.The contactor shall remain
closed during this rest period.

4. The ESShall bedischargedtrated poweto the minimum SOCand thecapacityrecorded as
Whlweek

5. TheSELR(% of energy loss/day) shall be calculated in accordance with Equatidmu&ng the
values recorded iBtep 2 and Step 4

SELR (% energy loss/day) @Vhaitia T Whiyeed/ (Whnisar X 7) x 100 (5-10)
The SELR shall be reported in accordance with Section 6.2.

5.25. Self-DischargeRate. The selfdischarge rat€SDR)shall bedeterminedn accordance with the
following procedure.
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1. The ESS shall be chargexl100%

2. The ESS shall be dischargattated poweto the minimum SOCand thecapacityrecorded as
Whnitial-

3. The ESSshall bechargedo 100% SOC anthe ESS restefibr 1 weekwith the contactor open

4. Thecontactorof the ESS shall be closed and the ESS dischargatkdt poweto theminimum SOC
and thecapacityrecorded a¥Vhyeek

5. The seltdischarge rate of the ESS shall be calculated in accordance with Equafiarstgthe
values recorded iBtep 2 and Step 4

SDR (% energy loss/day) (Whpitial T Whiyeed/(Whpigar X 7) X100 (51

The SDR shall be reported in accordance with Section 6.2.

5.3 Application Duty Cycles Theduty cyclespresentedn Sections 5.3.1 through 5.3.8 shall be used to
generate the necessary datae used as a basis for determining and reporting the operational
effectiveness of an ESS irparticular applicatiolin accordance with Section 5@etailsassociated with
thegeneration of and basis ftire duty cycles are provided AppendikesA through H

The ESS manufacturer shall be permitted toameor more alternativeuty cycld€s) for one or more
applicationdn addition to the dutgycles provided in this section @@nducting any of the testing
covered in Section 5.%Vhere this is donghe manufacturer shall provide a description of and rationale
for each alternativduty cycle chosen, shall conduct all tests required herein sdtjecting the ESS to
each alternativduty cycle chosen and report all performance measures as required in S8atiwhe6.
the designati erycfial femmsatritve odiutcye or name] . 0

5.3.1Peak Shaving ApplicationDuty Cycle. The duty cycles psented in this section shall be used in

the determination of the performance of systems intended forgheafing (management) applications

and shall use charge and discharge time windows instead of normalized power levels or disch&wge rates
allow the duty-cycle profile to be applieth the samenannetto different technologies regardless of

system size, type, age, and conditibhe duty cycles applied in determining system performance shall be

in accordance with Figut®3.1landthe provisions irBectons 53.1.1 through 53.14. In applying the

duty cyclesthe discharge power and SOC range for each duty cycle shall be selected such that the power
remains constant throughout ttejuireddischargeperiod(6 hours 4 hoursand 2hoursfor duty cycles

A, B, and G respectivelyshown in Figure 5.3)1

Eachduty cycleshallhave aotal charge time of 12 hourthe requirediischargeperiod duratioranda
float windowafter charge and dischartfeat bring the total duraticior each othe A, B, and Qluty
cyclesto one 24hour periodWhile Figure 5.3.Hisplaysthe duty cyclegor a midnightto-midnight day
with an evening peak, for the purposes of testing test starts withdischarge at.3:00 hoursfor duty
cycle A, 14:00 hoursoir duty cycle B and 15:00 hours for duty cycleRCior to the testhie ESSshall be
brought to thanaximumSOChby charging at rated powaihen conducting performance tests usiogy
cycles A, B and G the ESS shall be returned to the same SOC &8@iaeat the start of the tesgthich in
this case is the maximum SO&s such eachduty cycleA, B, and Cconsists of a@ischarge, followed by
active standbydischargeactve standbyand a topoff charge to bring the ESS to the initial SOC.
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The developrant and use of an alternative duty cycle in additioméaréquired duty cycle shall be
permitted in accordance with Sectiod.55ee Appendix A for information relevant to the development of
an alternative peakhaving duty cycle.

5.3.1.1Charge Window. During the charge window, the ESS shall be charged at constant ipcaver
12-hour time periodo bring the ESS to itgpper SOQimit.

5.3.12 Float Window. During the float windowthe upper SOC limit shafiot be maintained anthe

operation of any internal support loads for BfS such asbut not limited to heating, ventilation, and
air-conditioningsystemsshall continue to operateese qui red i n accordance with
specifications and operating instructioBéscharging of the ESS that does not serve a load external to the

ESS shall be permitted during the float window.

5.3.1.3Discharge Window.During the discharge windgwhe ESSshallbedischargd at constant power

until the minimum SOC levdbr the disharge power useds specified by the ESS manufacturer, is
reached.

Peak Shaving Duty Cycle A, 6-hour discharge

N Charge
I Discharge

L 1

0 2 4 6 8 10 12 14 16 18 20 22 24

Charge [/ Discharge

Peak Shaving Duty Cycle B, 4-hour discharge

I charge
I Discharge

0 2 a 6 8 10 12 14 16 18 20 22 24

Charge [ Discharge

Peak Shaving Duty Cycle C, 2-hour discharge

N Charge
I Discharge

0 2 4 6 8 10 12 14 16 18 20 22 24

Charge / Discharge

Figure 53.1 PeakShaving Duty CycleX-axis is Time in hours
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5.3.1.4Application of the Duty Cycle. Performance testing shall consistwingng the ESS to the
desired initial SOMefore applyingluty cycle A, followed byneapplicationof duty cycleA shown in
Figure 5.3.1Following theapplicationof duty cycleA, the ESSshall be brought badb its initial SOC.
When that initial SOC is realizethe ESShall bebrought to thelesired initial SOMefore applying
duty cycle B followed byoneapplication ofduty cycleB in Figure 5.3.1Following theapplicationof
duty cycle Bthe ESS shall be brought back to its initial S@hen that initial SOC is realizethe ESS
shall be brought to the desired initial SOC before applying duty cycle C followedebgpplication of
duty cycleC, as shown in Figure 5.3.Eollowing theapplicationof duty cycle Cthe ESShall be
broughtback to its initial SOC

5.3.2 Frequency RegulatiorDuty Cycle. The duty cyclepresented in Figure 5.3.2 shall dygplied in

determining the performance of B&Sfor a frequencyregulation applicationThe duty cyclén

Figure5.32 is shownas power normalized with respect to the rated poivdre ESSovera 24hour time

period, where positive represerdischarge from the ES$hd negativeharge intdhe ESS as a function

of time in hoursA reference tahe raw data upon which Figube3.2 is basedis included in AppendiB.

The initial SOC s hal |spedgifcatisns and gperatingtinbtrectiafsthe enfd afc t ur er
the application of the duty cycle conducting the testing under Section, St ESSshall bebrought

back o its initial SOC.

1),

41‘
I

|

Time (hr)

Normalized Signal

Figure 5.3.2. FrequencyRegulation Duty Cycle

5.33 Islanded Microgrid Duty Cycle. The duty cyclepresented in Figures 5.3.3 aand c shalbe
appliedin determining the performance of an ESS in an islanded micragpiication The duty cycles

in Figures 5.8 a, b and careshownas power normalized with respect to the rated power of the ESS
over a 24hour time period, whera positive signepresents charge into the ESS amegative sign
represents discharge from the ESSdunction of time in hour$he initial SOC shall be set per the
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ma n u f a cspecificatian®and operating instructioAs the end of the application of the duty cyoie
conducting the testing under Section, 3 ESS shall be brought back to its initial S@Ceference to
thedata upon which Figures 533, b and c are basadincluded in AppendixX.

Thefirst duty cycle in Figure 5.3a corresponds to the use of B&bislandedmicrogridsincluding
rerewablesandfrequency regulatioriThe secondduty cycle in Figure 5.3b corresponds to the use of
ESSin islandedmicrogridswith renewables, andithout frequency regulatiofhethird duty cycle in
Figure 5.33c corresponds to the use of E&Sslande&l microgridswithout renewables anglithout

frequency regulation.

ESS Power (p.u.)

_1-1 T T T T T
0 5 10 15 20

Time (hours)

Figure 5.33a. Duty Cyclei Renewables with Frequency Regulation

ESS Power (p.u.)

_1-1 T T T T
0 5 10 15 20

Time (hours)

Figure 5.33b. Duty Cyclei Renewables with No Frequency Regulation
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ESS Power (p.u.)

-1.3 T T T T
0 5 10 15 20

Time (hours)

Figure 5.33c. Duty Cyclei No Renewables dfrequency Regulation

5.3.4 PV SmoothingDuty Cycle. The duty cyclegresented in Figure 5.3.4 shia#t applied in

determining the performance of an ES&IRV smoothingppication The duty cyclen Figure 53.4is

shownas power normalized with respéctthe rated power of (hESSover a 16hour time periogdwhere

a positive sigmepresents charge into the ESS ame&gative sigmepresents discharge from the ESS as a

function of timeinhoursThe i ni ti al SOC s hal |spedeifcatisne @and gperatingt h e ma
instructions At the end of the application of a duty cyaleconducting the testing under Section, 5hé

ESS shall be brought back to its initial SOC before the application of another duty’cyeflerence to

the data upo which Figure 3.4is baseds included in Appendi.
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Normalized Duty Cycle Time Series
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Figure 53.4. Duty Cyclei PV Smoothing

5.35 Volt/Var Support Duty Cycle. The duty cyclepresented in Figures 5.3.8aough5.3.5e shalbe
applied in determining the performance of an ES&ua@it/var support aplication. The dutycycles

shownin Figures 5.3.5¢hrough 53.5eare shown as power normalized with respect to the rated power of
the ESS, where positive sigrrepresentseactive power injected into the grid by tB8S(e.g, capacitive
behavior)anda negative sigmepresentseactive poweabsorbed from the grid by the EGSg,

inductive behavioras a function of time in hourBigures 5.3.5a and 5.5 apply to reference cade
associated witlrolt/var support where thESS is managing the grid voltagéthin 94 to 106% of its

nominal voltageataPVs y st emés poi nt of <common ?Eigure®3l5aisttee wi t h
least aggressive duty cycle, whitegure 5.3.5kzorresponds to the most aggressive duty cycle. Figures
5.3.5¢ through 53.5¢ areassociated with valiar support where the ESS is managing the grid voltage
within 94 to 106% of its nominal voltage three locations on a feeder using the most aggresisiye
cycle.The initial SOC shall be set at 50%t.the end of the application of each duty cyidleonducting

the testing under Section 5the ESS shall be brought back to its initial SOC before the application of
another duty cycleA reference to theata upon which Figusé.35a through e arbaseds included in
AppendixE.

2 Simulated feeder voltage for heavy PV penetration sent by Jay Johnson of$atiahal Laboratories by email
on May 7, 2015 to Vilayanur Viswanathan of PNNL.
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Figure 5.3.5a. Volt/Var Support Duty Cyclé PV and Grid Interactioin Least Aggressive
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Figure 53.%. Volt/Var Support Duty Cyclé PV and Grid Interactioin Most Aggressive

April 2016 Page24



Figure 53.5¢c. Volt/Var Support Duty Cyclé Grid Voltage on Either Side of the Reference Voltage

Figure 53.5d. Volt/Var Support Duty Cyclé Grid VoltageL essthan the Referencéoltage
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